Abstract. In 1995, an outbreak of hantavirus pulmonary syndrome occurred in the central Paraguayan chaco. The primary reservoir of the virus, Laguna Negra virus, was identified as the vesper mouse, Calomys laucha. Over a 15-month period, we collected 1,090 small mammals at 12 locations representing 4 habitats common in the central Paraguayan chaco. Calomys laucha was common in agricultural habitats and uncommon in the native forest habitat. Populations of C. laucha were greater during the dry season months and declined during the wet season. A total of 643 small mammals were tested for antibodies cross-reactive to Sin Nombre virus. All of the antibody-positive animals were C. laucha (crude antibody prevalence ratio 12.1% [25 of 206]). Antibody prevalence ratio increased with body size and was more common among male (18%; n ϭ 115) than among female (4%; n ϭ 96) vesper mice. Antibody prevalence ratio was highest among animals from cropland habitats (18%; n ϭ 72), followed by thorn scrub (13%; n ϭ 46) and pastureland (7%; n ϭ 81) and may be positively correlated to the proportion of C. laucha in the small mammal community. These data suggest that community-level dynamics, in addition to population-level dynamics, may be involved in the transmission of the virus through natural populations of vesper mice.
INTRODUCTION
Hantavirus pulmonary syndrome (HPS) is a severe and often fatal cardiopulmonary disease. 1, 2 In North America, the primary etiologic agent for HPS is Sin Nombre virus (SNV) a newly described member of the genus Hantavirus (family Bunyaviridae). The principal reservoir for the virus is the deer mouse Peromyscus maniculatus. 3 In general, each known hantavirus is associated with a single primary rodent host. 4 Human infection is acquired primarily via inhalation of virus particles contained in aerosols of rodent secretions and excretions.
Recently, reports of HPS from South America have been increasing. As of June 2000, there had been Ͼ 250 confirmed cases of HPS in Argentina, 40 in Paraguay, 106 in Chile, 26 in Brazil, and 15 in Uruguay. There are currently 7 hantaviruses in South America recognized as causing HPS and at least 6 others that are not known to cause human disease. 5, 6 All hantaviruses known to cause HPS in South America are associated with sigmodontine rodents. 7 The hantavirus associated with HPS in western Paraguay was recently described and named Laguna Negra virus (LNV). 8 The likely primary reservoir identified during the initial investigation was the vesper mouse Calomys laucha. 9 In December 1995, the Centers for Disease Control and Prevention responded to an outbreak of HPS in the central Paraguayan chaco. Between July 1995 and January 1996, 17 people who exhibited HPS-like illness were confirmed to have had SNV-like infections by serology or immunohistochemistry. 9 At the time, this represented the largest documented outbreak since HPS was first recognized in the southwestern United States in May 1993. 9 The purpose of this study was to characterize LNV infection within the rodent fauna in the central Paraguayan chaco, especially in the putative reservoir, C. laucha, in more detail than was possible during the initial outbreak of HPS in 1995. Particular attention was focused on the habitat associations of the local rodent fauna and the temporal distribution of infection in local reservoir populations.
STUDY SITE, MATERIALS, AND METHODS
History and background. The chaco of Paraguay covers an area of 246,925 km 2 (61% of the country's area) and has Ͻ 100,000 inhabitants. 10 Of these, ϳ 20,000 are Mennonites, who live in 3 large colonies in the central region ( Figure  1 ). 11 Other sociocultural groups represented in the region include Paraguayans of predominantly mixed Spanish and indigenous ancestry and formerly nomadic, indigenous South American Indians.
The Mennonites are ardent farmers, with large plantations of peanuts, castor beans, sorghum, and cotton, 12 and this area of the central chaco is characterized by extensive agriculture and cattle production. Although many cattle ranches are located throughout the chaco, it is only in the vicinity of the Mennonite colonies that dry farming of crops occurs on a large scale. 11 Subsistence farming is also present, particularly in the many small, indigenous reserves. Before the colonization of the central chaco by the Mennonites in the 1930s, most of this area consisted of low, dry thorn forest and native grassland. Remnants of these habitat types, together with agricultural habitats and old-field communities, have created a mosaic of habitat types relative to other parts of the chaco.
The central chaco is subtropical and semixeric, with a pronounced seasonality in precipitation. Annual rainfall averages 850 mm, and temperature ranges from a mean daily maximum of ϳ 35ЊC during the hottest month, January, to a mean daily minimum temperature of ϳ 23ЊC during the coldest month, July. The dry season occurs in April-September, and the wet season is November-February. The exact timing, duration, and intensity of the dry season may vary. During the period of this study, the rainy season began in October, with high rainfall during January and February. The dry season began in April, although May had higher-thannormal rainfall (Figure 2 ). Precipitation can also be very patchy in its distribution. One of the trapping sessions during the wet season had to be rescheduled because the site received Ͼ 300 mm of rain during a 2-day period, whereas most other sites received 30-60 mm during the same 2 days. Trapping sites. Four habitats common to the central chaco were chosen for trapping small mammals. Two of these, pastureland and cropland, represented the predominant agricultural land use, whereas the other two, thorn forest and thorn scrub, represented the dominant undisturbed and successional habitats, respectively. Three sites for each habitat type were chosen for a total of 12 sites. Trapping was concentrated in Fortin Toledo, Filadelfia, and Los Pioneros, which represent known areas for HPS (Figure 1) . 9 Sorghum represented a common cropland habitat in the central chaco. These habitats were seasonally disturbed when the crops were harvested, with 2-3 crops of sorghum harvested during the growing season (October-March). If the last crop is not productive, the field will usually be left uncut until it is prepared for planting in spring (about midSeptember).
Pastureland is the most common use of land in the central chaco. Sampled pastures were moderately grazed to ungrazed. In general, these pastures had some shrubs with a few large trees such as red and white quebracho (Schinopsis quebracho-colorado, Aspidosperma quebracho-blanco) and palo santo (Bulnesia sarmientoi). Percentage of trap success of Calomys laucha and total rainfall during the study period. Antibody prevalence ratio appears in parentheses. If no number is present, antibody prevalence ratio was zero. Trap success was calculated as the number of captures divided by the number of trap nights (i.e., total number of traps minus half the traps that snapped but were empty).
Thorn scrub represented the major successional habitat and was characterized by low herbaceous ground cover and a high diversity of cacti and shrubs including Opuntia spp., Acacia spp., and Capparis spp. Also characteristic of this habitat are trees such as mesquite (Prosopis spp.), verde oliva (Cercidium praecox), and red and white quebracho.
Dry forest was the major undisturbed habitat type in the central chaco. It was characterized by a high diversity of shrubs and trees, a mixed understory of herbs, bromeliads (Bromelia spp.), and cacti (Cleistocactus spp., Eriocerus spp.), and a low canopy (5-10 m) consisting mainly of Rupretchia triflora with occasional tall trees (15-20 m), such as red and white quebracho and the bottle tree Chorisia insignis.
Small-mammal sampling. Trapping of small mammals was conducted from July 1996 to September 1997. Animals were captured by use of Sherman live traps (8 ϫ 9 ϫ 23 cm; baited with a mixture of ground peanuts, cracked corn, and rolled oats) and Victor snap traps (baited with manioc). Snap traps were used to increase the catch of species that may have been undersampled by Sherman traps. 13, 14 Trapping stations were placed at 10-m intervals in 4 parallel trap lines of 25 stations (n ϭ 100 stations), and both trap types were present at each station. At each site, trapping was performed for 4 consecutive nights, once during the wet season and once during the dry season.
Traps were checked in the early morning, and those containing animals were transported in double plastic bags to a remote site where animals were processed according to a standardized protocol. 15 Protective clothing was worn during the processing and included a disposable surgical gown, shoe covers, 2 pair of latex gloves, and a powered air-purifying respirator fitted with a high-efficiency particulate air filter (National Institute for Occupational Safety and Health (NIOSH) designation N-100). Live-trapped animals were anesthetized with methoxyflurane before they were killed by cervical dislocation.
Standard data were collected for all individuals captured. These included collection number, trap location, trap type, weight, and body dimension (total body [including tail], tail, ear, and right hind foot [including claw] length). In addition, data on sex, age (juvenile, subadult, or adult, with determinations made on the basis of body mass), and reproductive condition (testes abdominal or scrotal, vagina perforate or nonperforate, nipples small or lactating) were taken. Data were collected for pregnant females on the number of embryos, crown-rump length of embryos, number of uterine scars, and number of resorptions. Presence of wounds (including tail scars and ear nicks) and ectoparasites was noted. To prevent cross-contamination between individuals, a separate pair of sterilized scissors and forceps was used for necropsy of each animal.
Heart blood was collected by use of numbered Nobuto filter strips (Microfiltration Systems, Dublin, CA) that were then air dried and stored in ziplock bags. Three 2-mL cryovails were labeled for each individual, and the following organs were collected and placed in the respective vials: lung, liver, and heart-kidney-spleen. The vials were placed immediately into liquid nitrogen and later shipped on dry ice to the Centers for Disease Control and Prevention in Atlanta, Georgia. Carcasses of necropsied animals were stored in 10% buffered formalin before transport to the Field Museum, Chicago, Illinois. Voucher material was also prepared in the form of standard museum skin and cranial material to facilitate species identifications. After necropsy was completed, instruments, working surfaces, and traps were decontaminated with a 5% solution of hospital-strength Lysol (Land Products, Montvale, NJ); gloves, gowns, and shoe covers were sealed in biohazard bags and incinerated.
Laboratory testing. Rodent blood and tissue samples were stored at Ϫ70ЊC until tested by enzyme-linked immunosorbent assay for antibody reactive with SNV. Blood samples were initially diluted 1:25 by elution of the filter strips in 5% skim milk in 0.01 M phosphate-buffered saline with 0.5% Tween-20 and subsequently diluted to 1:100 through 1:6,400 in 4-fold dilutions in microtiter plates. Blood samples were tested against both recombinant nucleocapsid protein antigen and a recombinant control antigen described previously. 16 A conjugate mix consisting of anti-Rattus norvegicus and anti-Peromyscus leucopus (heavy and light) immunoglobulin G (Kirkegaard and Perry, Gaithersburg, MD) was used to detect bound immunoglobin for rodent species.
Adjusted optical densities (ODs) for each dilution were calculated by subtracting the OD410 of the control antigen from the OD410 of the SNV antigen. Titers were assigned on the basis of adjusted OD value exceeding 0.20 for each dilution. A second measure consisting of the sum of the adjusted OD for all 4 dilutions was also calculated. Sera were considered positive if their titer was Ն 1:400 or their sum adjusted OD was Ն 0.95. The cutoff values were determined by assessment of rodents found positive by several serologic tests during the initial investigation of the Four Corners outbreak. 3 Antibodies to other American hantaviruses are crossreactive with SNV antigen. This assay would detect, but would not distinguish among, infections by all sigmodontine-associated and arvicoline-associated hantaviruses that are currently recognized in the Americas.
RESULTS
A total of 1,090 small mammals representing 10 species of rodents and 2 species of marsupials were captured between July 1996 and September 1997 (Table 1) . Trap success, calculated as the number of captures divided by the number of trap nights (i.e., total number of traps minus half of the traps that had snapped but were empty) per trapping period ranged 0.4-50.5% and averaged 5.1% for the entire study (28 trapping periods). Average trap success per night fell to 3.3% on the fourth night from a first-night average of 7.6%. The cumulative species number generally reached an asymptote by night 3, although there were 5 sites where at least one new species was captured on the fourth night. Three of these 5 sites were forest habitats, where a new marsupial species was captured on the fourth night of trapping. This result may reflect the general pattern that rarer species can be detected only after abundant species have been removed. 13 Captures and percentage of trap success by habitat were as follows: cropland, 195 (3.6%); pasture, 671 (13.0%); forest, 89 (1.6%); and thorn scrub, 135 (2.5%) ( Table 1) . Captures were higher for all species in the dry season, and relatively few animals were captured during the wet season. These species included C. laucha, which had higher population densities in the austral fall and winter, with a dramatic decrease during the wet summer months (Figure 2 ). During our study, only 32 C. laucha were captured during the wet season, representing a species-specific trap success of 0.3%, whereas 187 were captured during the dry season, representing a trap success of 1.5%.
Habitat associations of small mammals. The results suggest a strong pasture habitat preference for Holochilus chacarius (95% of captures in pasture) and Bolomys lasiurus (94% of captures) as well as Calomys callosus (85% of captures) and Akodon toba (81% of captures), although the latter two were captured in each of the 4 habitats ( Table 1) . Calomys laucha was captured in all habitats and appeared to be a habitat generalist relative to the other species of small mammals. Calomys laucha was captured most often in pas- ture habitats (38% of captures), followed by cropland (36% of captures) and thorn scrub (22% of captures), with few captures in thorn forest (4% of captures) ( Table 1) . General patterns for agricultural versus wooded habitats were also apparent. For example, Calomys spp. appeared more often in agricultural habitats, whereas Graomys griseoflavus, Oligoryzomys chacoensis, and marsupials were more common in wooded habitats ( Table 1) .
Prevalence of hantavirus antibodies in small mammals. Blood samples from 643 small mammals representing 10 species of rodents and 2 species of marsupials were collected for serologic analysis (Table 2) . Calomys laucha was the predominant species sampled (31.8%), followed by C. musculinus (19.2%), and Graomys griseoflavus (16.1%). These values differed from the overall capture ratios because captures in Sherman live traps more often yielded samples than captures in snap traps. For example, C. laucha represented 19.9% of all small-mammal captures, but 33.8% of small mammals captured in Sherman traps and only 4.4% of captures in snap traps. Among the species tested, only C. laucha had antibody reactive with SNV; the overall antibody prevalence ratio in C. laucha was 12.1%. Of the 25 antibodypositive C. laucha, 21 were males and 4 were females. The ratio of males to females was significantly greater among antibody-positive individuals (chi-square ϭ 11.56, degree of freedom ϭ 1, P Ն 0.001) than among the trapped population. Prevalence ratio increased with body mass among males, but this trend was not detected among females, perhaps because of the low number of antibody-positive females (Figure 3 ). Among juvenile (Ͻ 8.0 g) and young adult (8.5-11.5 g) C. laucha, antibody prevalence ratio was ϳ 3-6% and did not differ between males and females. In the largest mass class (Ͼ 16.0 g), in which only 40.5% of the animals captured were males, 66.7% of the male C. laucha had antibody, compared with only 4.5% of the females (Figure 3) .
Sites with antibody-positive C. laucha were located throughout the study area but tended to be more common near Filadelfia and Toledo (Figure 1) . Cropland habitats had the highest antibody prevalence ratio (13 of 72, 18.1%), followed by thorn scrub (6 of 46, 13.0%), and pastureland (6 of 81, 7.4%) ( Table 3) . Antibody-positive animals were never captured in the native forest habitats (Table 3) . Overall antibody prevalence ratio in the dry season was 14.2%, compared with no infected individuals trapped during the wet season when trap success was low (Figure 2 ). Pregnant C. laucha were captured throughout the year, with a peak in reproductive activity (assessed by the number of pregnant females) at the beginning of the dry season.
A general increase in prevalence ratio was observed as the proportion of C. laucha increased in the community (Figure 4) . Cropland and pasture habitats tended to have similar densities of C. laucha, but C. laucha made up a higher proportion of the rodent fauna in cropland habitats (Figure 4) . The highest antibody prevalence ratio was found at sites where Ͼ 30% of the rodent fauna consisted of C. laucha (Figure 4) . A general linear correlation between antibody prevalence ratio and C. laucha as a percentage of rodents captured (relative density) is apparent in Figure 4 , although marginally nonsignificant (P ϭ 0.071, r 2 ϭ 0.864).
DISCUSSION
Habitat preferences. Calomys laucha has been studied extensively in the pampas and agroecosystems of Argentina along with Akodon azarae. [17] [18] [19] Here, C. laucha was most common in cropland habitats and excluded from border habitats by the larger A. azarae. Calomys may be able to quickly take advantage of unstable, temporarily suitable habitats such as cropfields for their rapid reproduction. 17 Pregnant females had an average of 5.15 embryos (range, 3-8 embryos), with most births occurring during the fall and winter months. In the chaco, high densities of C. laucha were recorded in agricultural habitats as well as one thorn scrub site (Table 1) .
Calomys musculinus has been studied extensively along with C. laucha and A. azarae in Argentine agroecosystems, where it is strongly associated with cropland habitats. [17] [18] [19] Like C. laucha, it appears to take advantage of these temporary, unstable habitats for rapid reproduction. 17 Pregnant females had an average 6.07 embryos (range, 2-8 embryos), and all captures were in May and June. Calomys musculinus was known to occur in eastern Paraguay, 20 but this is the first study to document the species in large numbers from the central chaco. In the chaco, it was one of the common species captured in cropland habitats, and it also occurred at high densities at one of the pasture sites (Table 1) . This finding has potential public health implications because this species is considered to be the primary reservoir for Junín virus, the etiologic agent for Argentine hemorrhagic fever. 19 Although C. musculinus infected with Junín virus have not been found outside the Argentine hemorrhagic fever-endemic area, 18, 19 the species has not been tested in most of its range, including Paraguay.
Epizootiology of LNV in natural host populations. Calomys laucha is among the smallest members of the smallmammal community in the central chaco, with an average adult body mass of 12.8 g, and it appears to experience dramatic seasonal population increases. Although we have data from only 1 year, populations of C. laucha began to increase ϳ 1 month before those of other small-mammal species, and this timing of reproduction may have been significant in allowing for rapid population growth in the absence of interspecific competition. Further, C. laucha appears to be a habitat generalist, with relatively high densities in 3 of the 4 habitats sampled (Table 1) .
Both the timing of reproduction and the habitat preference may be useful in determining when and where populations of C. laucha will be high. Antibody-positive individuals appeared in censuses when populations began to increase in April and continued to be captured throughout the dry season until populations began to decline in August (Figure 2 ). In 1995, during an outbreak of HPS in the central chaco, antibody-positive individuals were captured in December, and densities of C. laucha were relatively higher (22 individuals/1,579 trap nights ϭ 1.4% trap success) 9 than those in this study, in which no C. laucha were captured in December. An unusually high rainfall in May 1995, at the beginning of the dry season, may have led to conditions allowing for improved reproductive success or for high numbers of rodents to survive the dry season. 9 A general increase in prevalence ratio was observed as the relative abundance of C. laucha increased in the community ( Figure 4) . As a simple hypothesis to explain this, we suggest that the virus can be more readily transmitted through the susceptible population (reservoir species) in habitats where it accounts for an increasing proportion of the rodent fauna. It has been suggested that transmission of hantaviruses within rodent populations is primarily through aggressive interactions (i.e., biting) between sexually mature males. 21 Hantavirus transmission may occur more rapidly through a population by biting, involving unrelated animals fighting at territorial boundaries or for mates, than by aerosols requiring close social contact. 22 The size-associated antibody prevalence among C. laucha males supports this observation (Figure 3) , and similar patterns have been observed for Sigmodon hispidus with Black Creek Canal virus, Peromyscus maniculatus with SNV, Reithrodontomys megalotis with El Moro Canyon virus, and Peromyscus boylii with Limestone Canyon virus. 21, [23] [24] [25] Further, although only 8 of the 25 antibody-positive C. laucha in this study exhibited visible wounds, all were males weighing 10.5-21.5 g (mean, 15.0 g), and males in general were more likely to have wounds than females (chi-square ϭ 9.52, degree of freedom ϭ 1, P Ն 0.01).
In this scenario, the probability of an infected male encountering a noninfected male of the same species decreases as the proportion of individuals of other species increases. A similar hypothesis, the dilution effect hypothesis, suggests a link between increased biodiversity and decreased incidence of infectious disease in natural reservoir populations. 26 We are not suggesting that biodiversity per se is linked to incidence of hantavirus infection in the natural reservoir populations. Rather, the presence of any individuals of other species in increasing numbers will dilute the percentage of the reservoir species in the community, and thus the likelihood of virus-transmission events in the host population.
Maintenance of the virus in a region requires some connectivity between populations because this allows reinfections to occur as virus moves between populations and infects previously unexposed individuals and populations. 27 Landscape features that allow connectivity between populations also influence viral dynamics. Thus, populations of C. laucha tend to be well connected in the central chaco given their relatively high population densities in a number of different habitat types.
Calomys laucha and LNV were not found in the native forest habitats of the central chaco but in the disturbed habitats such as agroecosystems. This distribution of a reservoir species was also true in Bolivia, where Oligoryzomys microtis favored disturbed habitats and entered human dwellings. 28 Conversion of native habitats to agroecosytems alters species distributions of potential disease vectors. For example, C. musculinus, reservoir of Junín virus, was not captured during extensive trapping in the chaco, 20 and it has not been found in large numbers in the central chaco before this study. Recent land development for agriculture might be a factor in the species' apparent expansion. Further studies need to be conducted in regions where native habitat is being converted for agricultural uses to determine the affect on small mammal species composition and identify potential reservoirs of newly emerging diseases.
Oligoryzomys chacoensis is reported to be the reservoir of Bermejo hantavirus in Argentina. 5 The fact that all 29 O. chacoensis tested during this study were antibody negative may indicate that the virus is absent from the central Paraguayan chaco, that it was temporarily extinct, or that it existed at prevalence ratios that were too low to be detected during our sampling. More extensive sampling will be required to distinguish among these alternatives.
